Introduction
A large homologous family of uridine diphosphate (UDP)-Nacetyl-a-D-galactosamine(GalNAc):polypeptide N-acetylgalactosaminyltransferases (GalNAc-transferases, EC 2.4.1.41) initiate mucin-type O-glycosylation by transferring GalNAc to the hydroxyl group of serine and threonine residues (GalNAca1-O-Ser/Thr). Human and rodent GalNAc-transferase families are predicted to include up to 20 distinct isoforms, and to date 16 of these have been cloned and characterized (Clausen and Bennett 1996; Ten Hagen et al. 2003) . The GalNAc-transferase family is conserved in evolution, and distinct subfamilies of orthologous isoforms with conserved kinetic properties have been identified among vertebrates and invertebrates (Bennett, Hassan, Mandel, et al. 1999; Schwientek et al. 2002; Stwora-Wojczyk et al. 2004) . The GalNAc-transferase isoforms have different kinetic properties and cell and tissue expression patterns, suggesting that they serve different and nonredundant functions (Clausen and Bennett 1996; Ten Hagen et al. 2003) . Although ablation of several GalNAc-transferase isoforms in mice have not demonstrated a phenotype (Hennet et al. 1995; Ten Hagen et al. 2003) , the finding that impairment of a single isoform in Drosophila melanogaster disrupts development (Ten Hagen and Tran 2002; Schwientek et al. 2002) , and that the human GalNAc-transferase isoform, GalNAc-T3, is implicated in the disease familial tumoral calcinosis (Topaz et al. 2004 ) demonstrate the nonredundant function of some GalNAc-transferase isoforms.
Our understanding of the functions of these enzymes is largely based on in vitro analysis of their acceptor substrate specificities with short peptides and glycopeptides. Studies with GalNAc-glycopeptides (GalNAc residues attached at some but not all potential acceptor sites in peptide sequence) have demonstrated that a number of GalNAc-transferase isoforms exhibit selective substrate specificities for these glycopeptides, which may indicate that O-glycosylation involves several successive biosynthetic steps catalyzed by different GalNAc-transferase isoforms (Bennett et al. 1998; Bennett, Hassan, Hollingworth, et al. 1999; Ten Hagen et al. 1999 , Pratt et al. 2004 ). The GalNAc-glycopeptide substrate specificity exhibited by some isoforms has been associated with a ricin-like lectin domain found in the C-terminal region of most GalNAc-transferase isoforms (Hassan, Reis, et al. 2000) . This distinct lectin-like domain was originally identified by Hazes et al. (1996) and Imberty et al. (1997) , and recent studies have demonstrated that the catalytic and lectin domains of GalNAc-transferases fold into separate domains (Fritz et al. 2004 (Fritz et al. , 2006 Kubota et al. 2006) . In agreement with predictions from studies of the role of the lectin domain in directing GalNAc-glycopeptide substrate specificities Hassan, Reis et al. 2000) Fritz and colleagues were able to model a glycopeptide into the catalytic pocket and show potential interactions of the GalNAc residues with the carbohydrate-binding sites of the lectin domain. To date, however, direct experimental evidence in support of actual carbohydrate-binding activity and specificity of the GalNActransferase lectin domains have not been demonstrated. Hagen et al. (1999) initially investigated the function of the lectin domain of GalNAc-T1, and found that selective mutational disruption of the lectin domain of GalNAc-T1 did not severely affect the catalytic function of the enzyme with peptide substrates. Subsequently, we found that the GalNAc-T4 isoform exhibited a unique GalNAc-glycopeptide substrate specificity (Bennett et al. 1998) . Mutational analysis of GalNAc-T4 demonstrated that a mutation in the a-repeat of the C-terminal lectin domain of GalNAc-T4 selectively inactivated the GalNAc-glycopeptide catalytic function of the enzyme, whereas activity with unglycosylated peptides was unaffected, in accordance with the original study of GalNAc-T1 (Hassan, Reis, et al. 2000) . Furthermore, inhibition studies with monosaccharides identified free GalNAc as a selective inhibitor of the GalNAc-glycopeptide specificity of GalNAc-T4. These results suggest that the GalNAc-T4 lectin domain modulates the function of the enzyme through interaction with the GalNAc residues of the glycopeptide substrate. Similar studies subsequently performed with GalNAc-T1 and -T2 have suggested that the lectin domains of these may also be important for the glycosylation of partially GalNAc-glycosylated peptide substrates (Tenno, Saeki, et al. 2002; Fritz et al. 2006) . Some GalNAc-transferases, including GalNAc-T7 and -T10, have been found to display apparent strict GalNAc-glycopeptide specificities (Ten Hagen et al. 1999; Ten Hagen et al. 2001) , and it is likely that the lectin domains of these enzymes play similar roles.
Nonetheless, the studies to date have not demonstrated direct carbohydrate-binding properties of the GalNActransferase lectin domain. To determine the potential carbohydrate-binding properties of GalNAc-transferase lectin domains, we have now developed a carbohydrate-binding assay and investigated the binding specificity of the lectin domain of GalNAc-T4, which has a selective GalNAc-glycopeptide substrate specificity, and GalNAc-T2, which represents enzymes without apparent unique glycopeptide specificity. Finding that both isolated lectin domains bind GalNAc, we investigated the importance of a functional lectin domain in GalNAc-T2 representing enzymes without apparent glycopeptide specificity. The results demonstrate that the catalytic function of GalNAc-T2, similar to GalNAc-T4, is affected by mutations in the lectin domain and the mechanism involves selective GalNAc-glycopeptide substrate specificity. The results suggest that GalNAc-transferase lectins serve a general function on all isoforms: to improve kinetic properties with partially GalNAc-glycosylated substrates, presumably by allowing both the catalytic and the lectin domain to interact with the substrate for improved kinetic properties.
Results
Demonstration of direct binding of truncated GalNAc-T2 and -T4 lectins to GalNAc-glycosylated mucin peptides Several different truncated lectin constructs were analyzed for expression in insect cells, and constructs yielding significant protein expression were found to include residues 405-578 and 432-571 for GalNAc-T4 and -T2, respectively, with the N-terminal sequence containing His-and T7-tags (see Figure 1A for design of expression constructs). The expression levels were significantly lower than that of the corresponding soluble secreted enzyme constructs (not shown). An enzyme-linked lectin assay (ELLA) was developed to investigate the carbohydrate-binding properties of truncated GalNAc-transferase lectin domains. Biotinylated purified recombinant lectin domains of GalNAc-T2 and -T4 selectively bound GalNAc-glycosylated MUC1 peptides ( Figure 1B and C), whereas no binding was observed to the corresponding nonglycosylated peptide. With the same assay design, we were able to show binding of the unlabeled lectin domains using antibodies to the enzymes or the N-terminal His-and T7-tags. Biotinylated anti-Tn lectin from Helix pomatia used as control showed the same binding pattern, whereas an anti-MUC1 antibody HMFG2 reacted with both the unglycosylated and the GalNAc-glycosylated peptide (Fig. 1F) .
Subsequently, biotinylated soluble constructs of GalNAc-T2 and GalNAc-T4 were tested. The biotinylated enzymes exhibited the same binding specificity as the truncated biotinylated and nonbiotinylated lectin domains, albeit with stronger binding to GalNAc-glycosylated MUC1 peptides (Figure 1B and C) . In order to confirm that the carbohydratebinding activity demonstrated with the GalNAc-T2 and -T4 enzymes were derived from the lectin domains, several mutant constructs were tested. Previously, we demonstrated that the lectin-mediated GalNAc-glycopeptide substrate specificity of GalNAc-T4 was impaired by mutation of a critical residue (D459) in the CLD motif of the a-repeat. A single amino acid substitution was therefore introduced in the arepeat changing the aspartic acid to a histidine in the lectin domain of GalNAc-T2 and -T4. As expected, mutant GalNAc-T2 458H and GalNAc-T4 459H did not exhibit binding to GalNAc-MUC1. In contrast, mutation of the CLD motif in the g-repeat of GalNAc-T2 (GalNAc-T2 541A ) did not impair binding to the GalNAc-MUC1 glycopeptide, suggesting that the g-repeat is not involved in carbohydrate binding. To further exclude the possibility that the GalNAc-binding property of the biotinylated enzymes was partly due to the catalytic domain, we also tested the effect of mutations in the catalytic domain. The catalytically inactive biotinylated GalNAc-T2 224H , in which the DXH nucleotide-binding motif was mutated, showed the same binding to glycosylated MUC1 glycopeptides as the biotinylated wild type enzyme and the truncated lectins. The binding of the biotinylated enzymes was found to be insensitive to addition of EDTA, UDP, and MnCl 2 . Surface plasmon resonance experiments confirmed the binding of the isolated nonbiotinylated lectin domain of GalNAc-T2 to GalNAc-MUC1. , GalNAc-T4 459H , and GalNAc-T4lec 459H is shown (arrows). (B) Nonbiotinylated GalNAc-T2lec, biotinylated GalNAc-T2lec, and biotinylated GalNAc-T2 bind GalNAc glycosylated MUC1 peptide. Polystyrene microtiter plates coated with 60-merMUC1 and GalNAc-60merMUC1 were incubated with decreasing concentrations of non-biotinylated GalNAc-T2lec, biotinylated GalNAc-T2lec, and biotinylated GalNAc-T2. (C), Nonbiotinylated GalNAc-T4lec, biotinylated GalNAc-T4lec, and biotinylated GalNAc-T4 bind GalNAc glycosylated MUC1 peptide. (D) The a-repeat of the lectin domain is essential for binding of the GalNAc-T2 and -T4 lectin to GalNAc-60merMUC1. Microtiter plates coated as described above were incubated with biotinylated transferases in which either the catalytic function or the putative lectin function was disrupted by site directed mutagenesis: GalNAc-T2 224H (DXE mutant), GalNAc-T2
458H
(a-repeat mutant), GalNAc-T2 541A (g-repeat mutant), GalNAc-T4 459H (a-repeat mutant) and GalNAc-T4 wildtype. (E) Inhibition of lectin binding to GalNAc60merMUC1 was performed by coincubated of biotinylated GalNAc-T2 and -T4 with increasing concentrations of Bn-a-GalNAc and Bn-a-GlcNAc, demonstrating selective inhibition of the interaction between GalNAc-T2 and GalNAc-60merMUC1. Designations as indicated. (F) Detection of 60merMUC1 and GalNAc-60merMUC1 with anti-MUC1 MAb HMFG2 and biotinylated lectin HPA. HH Wandall et al. to the nonglycosylated peptide. No binding was observed with the native GalNAc-T2 enzyme to GalNAc-MUC1 in binding buffer at pH 7.4 (not shown).
Binding specificity of GalNAc-transferase lectins To define the specificity of the carbohydrate-binding properties of biotinylated GalNAc-T2 and -T4, a panel of monosaccharides and aglycon derivatives were tested as inhibitors. Binding of both biotinylated GalNAc-T2 and -T4 lectin domains to GalNAc-MUC1 were inhibited by 100 mM free GalNAc with IC50 values of 15-37 and 1 -5 mM, respectively. Weak inhibition of biotinylated GalNAc-T4 was observed with high concentrations of galactose, whereas other monosaccharides Glc, GlcNAc, and Man showed no inhibition for biotinylated GalNAc-T2, GalNAc-T4 or their lectins (Table I) . Benzyl or phenyl a/b-GalNAc compounds showed lower IC50 values for biotinylated GalNAc-T4 compared with biotinylated GalNAc-T2. In Figure 1E , the binding of biotinylated GalNAc-T2 and -T4 were inhibited with benzyl inhibitors using limiting dilutions of enzyme lectins. Both GalNAc-a-benzyl and GalNAc-b-benzyl showed similar inhibitory effects, demonstrating that biotinylated GalNAc-T2 and -T4 lectins do not exhibit specificity for the anomeric configuration of GalNAc.
Analysis of a panel of GalNAc-glycopeptides derived from the tandem repeat sequence of MUC1, MUC2, and MUC7, which were glycosylated in vitro with different densities and patterns of GalNAc residues, did not reveal significantly different binding properties, indicating that the lectins do not have selective specificities for peptide sequences, or the density or pattern of GalNAc glycosylation (not shown). 
The lectin domains of polypeptide GalNAc-transferases
Binding of biotinylated GalNAc-transferases and GalNAc-T4 lectin to cells and tissue To further examine the specificity of the GalNAc-transferase lectins, we analyzed the lectin staining patterns of biotinylated GalNAc-T2 and -T4 enzymes and the isolated biotinylated lectins with cultured cells and tissues ( Figure 3 ). Chinese hamster ovary (CHO) ldlD cells lack the UDP-Gal/ UDP-GalNAc 4-epimerase and are deficient in GalNAc Oglycosylation and galactosylation in the absence of exogenous addition of GalNAc and Gal, respectively (Kingsley et al. 1986) . CHO ldlD cells stably transfected with the full-length human MUC1 cDNA (CHO ldlD-MUC1) were grown with and without GalNAc and Gal/GalNAc. CHO ldlD-MUC1 cells grown in the presence of GalNAc stain strongly with anti-Tn (GalNAc-a-Ser/Thr) monoclonal antibody 5F4 ( Figure 3A ). Without exogenous addition of GalNAc, the cells do not stain with anti-Tn antibody (5F4). When cells are grown with both Gal and GalNAc no or very weak anti-Tn staining is observed because GalNAc residues are extended to form the sialyl-T structures (NeuAca2-3Galb1-3[NeuAca2-6]GalNAc-a-Ser/Thr), but instead cells stain strongly with anti-T antibodies after pretreatment with neuraminidase (not shown) (Sorensen et al. 2005) . As shown in Figure 3A , the biotinylated GalNAc-transferases, the biotinylated GalNAc-T4 lectin, and the anti-Tn monoclonal antibody showed the same staining pattern on CHO ldlD-MUC1 cells grown in the presence of GalNAc. No anti-Tn reactivity was observed on cells grown without GalNAc, and only minimal staining was observed when cells were grown with both GalNAc and Gal. Further immunohistological studies of human salivary glands showed the same correlation of staining of enzymes, lectin, and the anti-Tn antibody ( Figure 3B ). Human salivary glands stain with anti-Tn antibodies in Golgi-like supranuclear locations, very similar to the staining pattern found with antibodies to glycosyltransferases (Mandel et al. 1991) . The combined results indicate that the specificity of the lectin domains of GalNAc-T2 and -T4 is correlated with the expression of GalNAc residues on proteins irrespective of density and pattern of glycosylation.
Demonstration of lectin-mediated catalytic functions of GalNAc-T2
Although it is now clear that GalNAc-T4 uses the lectin domain to mediate GalNAc-glycopeptide substrate specificity, the function has not been elucidated for the lectin domains of GalNAc-T2 and other GalNAc-transferases that efficiently utilize peptide substrates without a particular specificity for GalNAc-glycopeptides. We used GalNAc-T2 as a representative example and tested the effect of lectin mutations on catalytic activity by performing a comparative study of the catalytic activity of soluble wild type and mutant GalNAc-T2. The majority of the studies were performed with the GalNAc-T2 458H a-repeat mutant because our lectin binding studies demonstrated that GalNAc-T2 458H lost capacity for carbohydrate binding, while a similar mutation in the g-repeat had no effect (Fig. 1, Panel D) . Initially the specific activities of purified wild type and mutant GalNAc-T2 were found to be similar with several peptide substrates (Table II) . Only minor loss of activity was found following shaking incubation at 378C for 12 h (GalNAc-T1: 25%, GalNAc-T2: 23%, GalNAc-T2 458H : 15%, GalNAc-T2 541A : 19%, and GalNAc-T11: 31%). Thus, the mutation introduced in the lectin domain of GalNAc-T2 did not significantly affect the stability of the enzyme. Comparison of K m for the donor substrates UDPGalNAc and UDP-Gal revealed only minor differences (Table III) . Furthermore, inhibitory effects of UDP with GalNAc-T2 and GalNAc-T2 458H were similar (not shown). The minor differences in K m are not considered significant. In conclusion, the wild type and mutant GalNAc-T2 enzymes appear indistinguishable, except that GalNAc-T2 458H does not exhibit lectin-mediated glycopeptide binding activity.
Using a panel of both single-site and multiple-site acceptor substrates, the potential influence of a lectin domain mutation on the substrate specificity of GalNAc-T2 was analyzed. (Wandall et al. 1997) . As shown in Figure 4 , the GalNAc-T2 458H lectin mutant efficiently incorporates GalNAc into two sites of the MUC1 derived peptide, whereas the wild type incorporates into three sites. From previous studies, it is known that GalNAc-T11 incorporates two GalNAc residues into the MUC1 tandem repeat at Thr (Schwientek et al. 2002) . The importance of the lectin domain in the glycosylation of the Ser 16 in the MUC1 tandem repeat could therefore be tested using MUC1 tandem repeats preglycosylated by GalNAc-T11. The lectin domains of polypeptide GalNAc-transferases MUC2 and MUC7 with higher densities of potential O-glycosylation sites revealed the similar patterns. Thus, GalNAc-T2 458H incorporated 1-2 fewer (than wild-type GalNAc-T2) GalNAc residues per substrate molecule of MUC2 and MUC7 peptide substrates with 20 and 9 potential glycosylation sites, respectively (Figure 4) . Inhibition with free GalNAc (250 mM) selectively inhibited the wild-type glycosylation of substrates with multiple acceptor sites, abolishing the difference seen in glycosylation between wild-type GalNAc-T2 and lectin deficient GalNAc-T2. No inhibition was seen with GlcNAc. Similar inhibition was observed with GalNAc-a-benzyl (10 mM) (not shown). These results are comparable to those observed with inhibition of lectinmediated functions of GalNAc-T4 (Hassan, Reis, et al. 2000) and support that GalNAc-specific lectins are important for the efficient glycosylation of substrates with multiple acceptor sites.
The above analysis includes evaluation of end products formed in exhaustive endpoint reactions. To provide further insight, the activity of GalNAc-T2 and its lectin mutants were tested with a panel of peptides and corresponding partially GalNAc-glycosylated glycopeptides (Table II) . The specific activities of GalNAc-T2, GalNAc-T2 458H , and GalNAc-T2 541A measured in short-time reactions with minimum product development, were similar to activities with peptides encoding mucin tandem repeat sequences from MUC1 and MUC2, and the hinge region of immunoglobulin A. In striking contrast, only GalNAc-T2 and GalNAc-T2 541A readily utilized the partially GalNAc-glycosylated peptides (MUC1-2GalNAc and MUC2-6GalNAc), whereas GalNAc-T2 458H did not. Furthermore, the K m of the glycopeptide IgA hinge-4GalNAc was evidently higher with the GalNAc-T2
458H enzyme compared with the wildtype and GalNAc-T2 541A enzyme. The kinetic parameters of GalNAc-T2, GalNAc-T2
541A
, and GalNAc-T2
458H for the nonglycosylated peptide substrates (MUC1, MUC2, and IgA) were very similar, with only minor differences in K m values (Table III) .
Finally, we performed time course studies using matrixassisted laser desorption/ionization time-of-flight (MALDI-TOF) to monitor product developments of a panel of peptides with GalNAc-T2 and GalNAc-T2 lectin mutants (Figures 5  and 6 ). Wild-type GalNAc-T2 and GalNAc-T2
458H initially exhibited similar rates of GalNAc incorporation into the 33-mer MUC2 substrate with 20 potential acceptor sites, which is in accordance with initial-rate glycosylation assays that demonstrated similar activity of the wild type and the mutant GalNAc-T2 with the nonglycosylated MUC2 peptide (Table II) . However, the reaction with GalNAc-T2 458H was reduced significantly after addition of the first 2 -3 GalNAc residues, and the final product was slightly less glycosylated than that obtained with the wild-type GalNAc-T2 ( Figure 5A ). This is in agreement with the finding that wild type GalNAc-T2 showed good activity with the MUC2-6GalNAc peptide, whereas GalNAc-T2 458H showed essentially undetectable activity (Table II) in short-time assays. The reaction kinetics with the MUC2 tandem repeat sequence was further studied by high-performance liquid chromatography HPLC with fluorescent labeled short-and long-MUC2 peptides (PTTTPLK and GTQTPTTTPITTTTTVTPTPTPTG) ( Figure 5B and C) , verifying the slow catalytic activity of Fig. 4 . MALDI-TOF analysis of GalNAc-T2 lectin mutant reaction end products. Purified recombinant GalNAc-T2 and -T2 458H were used in excessive glycosylation of the mucin tandem repeat peptide substrates from MUC1, MUC2, and MUC7, and end product analyzed by MALDI TOF. The GalNAc-T2 reaction was tested in the presence of 250 mM GalNAc (and 10 mM benzyl-a-GalNAc, not shown) and 250 mM GlcNAc (and 10 mM benzyl-a-GlcNAc, not shown) to inhibit the lectin mediated function (Hassan, Reis, et al. 2000) .
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GalNAc-T2
458H compared with wild-type GalNAc-T2. In this experiment, the short MUC2 peptide serves as an internal control for the initial GalNAc-glycosylation reaction with both wild-type GalNAc-T2 and GalNAc-T2 458H exhibiting the same reaction velocity.
IgA hinge peptide substrate
It has been reported (Iwasaki et al. 2003 ) that the mucin domain sequence of the IgA hinge region served as a substrate for the GalNAc-T2 isoform, and that several other GalNAc-transferase isoforms including GalNAc-T1 were inactive with peptides derived from this sequence. The IgA hinge peptide could therefore represent a relevant in vivo substrate requiring the concerted action of both the catalytic domain and a functional lectin domain of GalNAc-T2 in order to be fully glycosylated. However, as shown in Table II , we found that both GalNAc-T1, -T2, and -T11 efficiently catalyze glycosylation of the IgA peptide. The peptide design used was identical to the design used by Iwasaki et al. (2003) , except that the C-terminus was labeled with 5-carboxyfluorescein. The glycosylation reaction of IgA hinge peptide with GalNAc-T1, GalNAc-T2, GalNAc-T2 458H , and GalNAc-T11 was further studied in a time-course assay monitored by MALDI-TOF. Similarly to the findings with other mucin peptide sequences, GalNAc-T2 458H exhibited slower reaction kinetics than wild-type GalNAc-T2 after the first initial incorporation of 1-2 GalNAc residues, and the end product had fewer GalNAc residues incorporated. In agreement with the results of the initial velocity assay (Table II) , GalNAc-T1 had a higher reaction velocity but incorporated fewer GalNAc residues. GalNAc-T11 has been shown to incorporate fewer GalNAc residues into a number of mucin peptide substrates, including those derived from MUC1, MUC7, and MUC2 tandem repeats (Schwientek et al. 2002) . As shown in Figure 6 , GalNAc-T11 essentially only incorporates two GalNAc residues into the IgA hinge peptide, but the initial reaction velocity is similar to that of the other isoforms tested.
Discussion
This study addressed the potential carbohydrate-binding properties and function of the lectin-domains of two distinct GalNAc-transferase isoforms, GalNAc-T4 and -T2. These transferases represent examples of GalNAc-transferases with apparent lectin-mediated GalNAc-glycopeptide glycosylation functions (GalNAc-T4), and GalNAc-transferases for which such functions have not been determined or predicted (GalNAc-T2). Previous studies of catalytic functions of GalNAc-T4 and -T1 with lectin mutations, as well as inhibition studies of wild-type enzymes with saccharides, have provided indirect evidence that the lectins modulate the catalytic functions through interactions with GalNAc Tenno, Saeki, et al. 2002) . The present study now demonstrates direct carbohydrate binding to GalNAc of the non biotinylated and biotinylated isolated lectins and biotinylated soluble enzymes of both GalNAc-T2 and -T4, confirming that these lectins are functional.
We expressed and tested several different tagged lectin and GalNAc-transferase construct. The lectin constructs presented in Figure 1 were expressed and secreted in the insect cell system, albeit with relatively low yields compared with the secreted soluble enzyme constructs. Both nonbiotinylated and biotinylated GalNAc-T4 and -T2 lectins bound GalNAc-glycopeptides, and the binding was inhibited by 458H reactions monitored by MALDI-TOF. (A) The GalNAc-T2 lectin mutant exhibits a significantly slower reaction velocity compared to the wildtype enzyme with the MUC2 tandem repeat peptide substrate. MUC2 synthetic peptide was glycosylated with GalNAc-T2 and -T2 458H and samples were analyzed by MALDI-TOF MS at the indicated timepoints. This result was further verified by HPLC analysis of different MUC2 peptide substrates; (B) MUC2 short (FITC-PTTTPLK) and (C) MUC2 long (FITC-GTQTPTTTPITTTTTVTPTPTPTG) with GalNAc-T2 and GalNAc-T2 458H . No difference in glycosylation rate was seen with the short peptide, whereas the longer MUC2 substrate showed a slower reaction velocity with the mutant GalNAc-T2
458H
. The number of GalNAc residues incorporated per MUC2 peptide is indicated by number above elution peaks.
The lectin domains of polypeptide GalNAc-transferases
GalNAc-a/b-derivatives (Table I) . A minor inhibition of GalNAc-T4 to GalNAc-MUC1 was observed with high concentrations of galactose. Single mutations in the DXD motif disrupting the catalytic function did not interfere with GalNAc-transferase binding to glyco peptides. Further verification of the carbohydrate specificity was provided using the lectins in immunocytology of CHOldlD and tissue sections of mucin producing cells. The lectins showed binding patterns similar to anti-Tn antibodies specifically recognizing glycoproteins presenting penultimate GalNAca-S/T structures ( Figure 3) . The interaction between the GalNAc-T2lec (GalNacTlec latin domain of UDP-N-acetyl-a-D-galactozamine: polypaptide N-acetylgalacto, saminy transferase) and GalNAc-MUC1 was additionally characterized with surface plasmon resonance, demonstrating binding of the nonlabeled GalNAc-T2 lectin domain to GalNAc-MUC1 (Figure 2) .
The ricin-like lectin domain consists of three putative carbohydrate-binding motifs (a-, b-, and g-repeats). A single mutation in the GalNAc-T4 a-repeat abolishes the GalNAcglycopeptide substrate specificity of the enzyme as well as carbohydrate binding ( Figure 1D ). Similarly, a single mutation in the CLD motif in the a-repeat of GalNAc-T2 enzyme and the GalNAc-T2 isolated lectin domain abolished binding to GalNAc-glycopeptides and influences the GalNAc-T2 glycosylation kinetics of GalNAc-glycopeptides. In contrast, a D541A substitution in the CLD motif in the g repeat did not affect binding to GalNAc-glycopeptides ( Figure 1D ). Moreover, no obvious effect on enzymatic activity was observed by mutating the g repeat of GalNAc-T2. These data are consistent with the findings by Tenno, Sacki, et al. (2002) , demonstrating that mutations in the a and b repeats, but not in the g repeat, adversely affects the kinetic properties of GalNAc-T1 with an apomucin substrate. Interestingly, inhibition experiments of GalNAc-T1 activity with free GalNAc have shown a cooperative effect of a and b repeat mutations (Tenno, Saeki, et al. 2002) .
Binding of nonbiotinylated GalNAc-T2 and -T4 isolated lectin domains to GalNAc-MUC1 in the ELLA assay was detected with antibodies to their tags (anti-HIS and -T7), as well as with monoclonal antibodies directed to the lectin domains. The binding of the isolated nonlabeled GalNAc-T2 lectin domain was confirmed with surface plasmon resonance analysis. Surprisingly, biotinylation of both lectins and enzymes resulted in increased lectin binding activity. Hence, in vitro lectin binding was only observed with the catalytic inactive biotinylated GalNAc-T2 and -T4 enzymes, and not with the catalytic active non labeled enzymes. Importantly, the unlabeled active GalNAc-T2 and -T4 enzymes did not inhibit binding of either lectins or the biotinylated enzymes to GalNAc-glycopeptides (not shown), excluding that differences in detection methods could explain the binding differences. The reason for the increased binding of the biotinylated lectins is not known. Recently, the crystal structure of murine GalNAc-T1 and GalNAc-T2 were elucidated (Fritz et al. 2004 (Fritz et al. , 2006 . The proposed structures indicate that the carbohydrate-binding sites of the a, b, and g repeats of both GalNAc-T1 and T2 are accessible for glycopeptide -T2, -T2 458H , and -T11 and samples were analyzed by MALDI-TOF MS at the indicated timepoints. The mutant GalNAc-T2 458H exhibited slower reaction velocity than the wildtype GalNAc-T2 and incorporated fewer GalNAc residues.
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binding and provide novel insight into extensive interactions between the catalytic domain and the lectin domain. For GalNAc-T1, the two domains are separated by a short random coil and b-strand, and they form a deep cleft in the surface of the enzyme predicted to contain the catalytic site.
The interaction between the catalytic domain and the lectin domain is substantially reduced in GalNAc-T2, and interestingly substrate binding induces lectin domain, mobility. It is possible that biotinylation of the intact enzyme influence the interaction of the catalytic domain and lectin domain, thereby exposing the carbohydrate-binding pocket of lectin domain, but this requires further investigation. GalNAc-transferases with selective or unique GalNAcglycopeptide substrate specificity include human GalNAc-T4, -T7, and -T10, and such isoforms are conserved during evolution as found in the fruit fly (Schwientek et al. 2002) and in parasites (Stwora-Wojczyk et al. 2004 ). The lectin domains of these three isoforms are predicted to enhance the kinetic properties of the GalNAc-transferases with GalNAcglycopeptide substrates. However, what are the functions of the lectin domain of GalNAc-transferases, such as GalNAc-T1 and T2, which are believed to act primarily as enzymes that initiate glycosylation of previously unglycosylated protein substrates? In this context, Tenno et al. (Tennno, Ember, et al. 2002; Tenno, Saeky et al. 2002) demonstrated an apparently selective decrease in activity of lectin mutated GalNAc-T1 with multiacceptor peptide substrates sites. Furthermore, while this manuscript was under preparation Fritz and colleagues demonstrated that removal of the lectin domain of GalNAc-T2 affected the glycosylation of glycopeptides but not peptides (Fritz et al. 2006 ). The results collectively suggest that the role of the lectin domain is not in catalysis of the initial GalNAc, but in the "follow-up" reaction. In contrast to the studies by Tenno et al., we did not see differences in kinetic properties for single acceptor substrates and nonglycosylated multiacceptor peptide substrates in short-time assays when the lectin domain was mutated (Tables II and III) . This discrepancy is most likely because we determined K m under enzyme reaction conditions limited to ensure that the GalNAc incorporation was ,25% of peptide substrate (mol/mol). When we tested the corresponding partially glycosylated multiacceptor peptides, we found a significant difference between wild-type GalNAc-T2 and the a repeat lectin mutated enzyme, where the latter was almost inactive. Analysis of the final glycosylation products formed with the multiacceptor substrates confirmed that the lectin mutated enzyme did not transfer as many GalNAc residues to the acceptor substrates as the wild-type enzyme. In particular, the reaction with the MUC1 peptide showed that the last-and third-site in the MUC1 repeat (Wandall et al. 1997 ) (serine in -GSTA-) catalyzed by GalNAc-T2 was the site requiring a functional lectin domain (Figure 4 ). Time-course assays monitoring product development with several multiacceptor peptide substrates showed that the initial glycosylation velocity for the addition of the first GalNAc were similar, while subsequent site glycosylation velocities were considerably (three-to-six-fold) slower with the lectin mutant (Figures 5 and 6) . Thus, similar to what we previously demonstrated for GalNAc-T4, GalNAc-T2 requires the lectin domain for transfer to unique GalNAc-glycopeptide substrate sites.
GalNAc-transferases catalyze glycosylation of unique substrate sites in peptides with multiple acceptor sites in an ordered fashion, in which there is preference for some sites and less favorable sites with the highest K m are catalyzed last (Wandall et al. 1997) . The GalNAc-transferase lectins may serve as an effective mechanism to enhance kinetic properties for these last sites through substrate approximation. The two GalNAc-transferase lectins studied in this report exhibit specificity for GalNAc and hence did not function with glycopeptide substrates where GalNAc residues were elongated by e.g. the core 1 structure (Galb1-3GalNAca1-O-Ser/Thr) (Hanisch et al. 2001) . Although, it is conceivable that not all GalNAc-transferase lectins have the same specificity, it is interesting in this context that a recent study has demonstrated that the large secreted mucin MUC5AC appears to be processed through an intermediate stage with complete GalNAc-O-glycosylation before O-glycan extension (Sheehan et al. 2004) . Several bacterial enzymes have lectin domains with carbohydrate-binding properties. In bacterial sialidases the lectin domain increase the affinity between the hydrolases and the acceptor substrates (Thobhani et al. 2003) . In the same way, bacterial xylanases have a ricin-like lectin domain, which like the polypeptide GalNAc-tranferases contain a-,b-, and g repeats that are important for efficient catalysis of insoluble xylan by enhancing affinity of the enzyme to the multiunit insoluble xylan substrate (Dupont et al. 1998; Fujimoto et al. 2002) . A similar mechanism is envisioned for GalNAc-transferases, where the lectin domain combined with the catalytic unit is proposed to provide a bivalent binding mode to partially completed substrates.
A recent report suggests that GalNAc-T2 is the sole GalNAc-transferase responsible for O-glycosylation of the IgA hinge region (Iwasaki et al. 2003) . Glycosylation of the hinge region of IgA has attracted interest because of the potential involvement of decreased O-glycosylation in the pathogenesis of IgA glomerulonephritis. Iwasaki et al. (2003) identified six GalNAc-transferases (GalNAc-T1, -T2, -T3, -T4, -6, and -T9) in B cells and showed that only GalNAc-T2 produced significant glycosylation incorporating multiple GalNAc-residues in the IgA peptide design listed in Tables II  and III and shown in Figure 6 . The IgA hinge peptide could therefore represent a relevant in vivo substrate, requiring the concerted action of both the catalytic domain and a functional lectin domain of GalNAc-T2 in order to be fully glycosylated. Hence, we assessed the importance of the GalNAc-T2 lectin domain in glycosylating the IgA peptide ( Figure 6 ). However, although the lectin domain influenced the rate of glycosylation, only a minor difference was found between GalNAc-T2 wild type and GalNAc-T2 with a nonfunctional lectin domain. Furthermore, to our surprise, all tested GalNAc-transferases utilized the substrate efficiently, including GalNAc-T1 (Table II and Figure 6 ) that was shown to have 100-fold less activity with the IgA hinge peptide compared with GalNAc-T2 in the Iwasaki et al. (2003) study. The reason for this discrepancy is unclear, but it could be related to the use of a fluorescent tagged peptide substrate. Regardless, the present results clearly rule out that GalNAc-T2 is the sole isoform responsible for O-glycosylation of the IgA hinge region. This is in agreement with the general finding that GalNAc-transferases exhibit a high degree of redundancy in functions with mucin-type peptide sequences
The lectin domains of polypeptide GalNAc-transferases containing high density of acceptor sites .
In summary, this study has provided direct evidence for carbohydrate-binding properties of polypeptide GalNAc-T2 and -T4 lectins, and demonstrated that the lectin domains may have an important role to improve the kinetic properties with partially GalNAc-glycosylated substrates produced either by that same transferase or by other GalNActransferases, and thereby to accomplish and regulate highdensity glycosylation of certain protein substrates.
Materials and methods
Expression and purification of GalNAc-transferases Expression constructs of the soluble coding region of human GalNAc-T1, GalNAc-T2, GalNAc-T4 wild type and GalNAc-T4 with a mutation in the a-subdomain (GalNAc-T4 459H ) were prepared and cloned into the baculovirus expression vector pAcGP67 (BD, Pharmingen, San Diego, CA) as previously described (White et al. 1995; . A soluble construct of human GalNAc-T11 ( pAcGP67-His-T11 sol) was prepared by inserting a nontagged GalNAc-T11 construct (Schwientek et al. 2002) into pAcGP67 vector containing a 6xHis-T7-tag (-SSHHHHHHSSGLVPRGSHMASMTGGQQMD-, T7 tag shown in bold). GalNAc-T2 with a mutation in the g-subdomain (GalNAc-T2
458H
) and GalNAc-T2 with a mutation in the g-subdomain (GalNAc-T2 541A ) were generated using QuickChange site-directed mutagenesis Kit (Stratagene, La Jolla, CA) as recommended by the supplier. Primer pair T2MUT1 (5 0 -GGAACTAACTGCCTCCACACTTTGGGACA CTTTG) and T2MUT2 (5 0 -CAAAGTGTCCCAAAGTGTG GAGGCAGTTAGTTCC) was used for GalNAc-T2 458H and primer pair T2MUT3 (5 0 -CTGTGCCTGGCCAGTCGCACG) and T2MUT4 (5 0 -CGTGCGACTGGCCAGGCACAG) was used for GalNAc-T2
541A
. Likewise, an enzymatic inactive GalNAc-T2 construct ( GalNAcT2 224H ) was generated by sitedirected mutagenesis changing the amino acid position D224 to H224 in the DXH motif using QuickChange site-directed mutagenesis kit (Stratagene) as recommended by the supplier with oligos T2DXHFOR:5 0 -GGTCCTGACCTTCCTG C ACAGTCACTGCGAGTGT-3 0 , T2DXHREV:5 0 -ACACTCGC AGTGACTGT G ACAGGAAGGTCAGGACC-3 0 , and pAcGP67-T2sol as template DNA.
A GalNAc-T2 lectin construct was made using the primer pair T2lec (5 0 -GCGAAGAACGTTTATCCAGAGTTAA GGGTTCC) and EBHC68 (5 0 -GCGAATTCCTACT GCTGCAGGTTGAGC) (Psp1406I and EcoRI overhangs are shown in bold) with PfU Ultra polymerase (Stratagene) on a TC2400 thermocycler (Applied Biosystems, Tokyo, Japan) as recommended by the supplier. The generated GalNAc-T2 lectin fragment included coding nucleotides 1297 -1716 and was cloned into the pAcGP67-His-vector.
A truncated GalNAc-T4 lectin expression construct was prepared using a HindIII restriction site at nucleotide position 1211 of the coding region for excision of nucleotides 1211 -1737 with HindIII/BamHI from the existing soluble GalNAc-T4 expression construct (Bennett et al. 1998 ). The lectin construct was inserted into pAcGP67-His downstream from a previously described His-tag generating pAcGP67-His-T4lec expression construct. A GalNAc-T4 lectin construct with a mutation in the a-subdomain (GalNAc-T4lec 459H ) was similarly made from the existing GalNAc-T4 459H expression construct generating pAcGP67-His -T4lec  459H .  Plasmids pAcGP67-T1, -T2, -T2  458H , -T2  541A , T2   224H   ,  -T4, -T4   459H , -T11, -T2lec, -T4lec, and -T4lec 459H were cotransfected with BaculoGold TM DNA (Pharmingen), and recombinant baculovirus was obtained after two successive amplifications in Sf9 cells as described previously (Wandall et al. 1997) . Amplified virus was used for infection of High Five TM cells grown in serum-free media (Invitrogen, Carlsbad, CA) in upright roller bottles shaken 140 rpm in water baths at 27 8C. Secreted, soluble recombinant proteins were harvested (centrifugation at 2000 Â g) and supernatants were subjected to chromatography on Amberlite w IRA-95 followed by dilution with 25 mM Bis -Tris ( pH 6.5) and further purified by ion-exchange chromatography on 10 mL SP Sepharose TM Fast Flow (Sigma-Aldrich, St. Louis, MO) and eluted with a gradient of NaCl from 10 to 500 mM. Fractions containing enzyme were pooled and concentrated using a Centriprepw YM-10 centrifugational filter unit with 10 000 Da cut-off (Millipore, Billerica, MA). The concentrated GalNAc-transferases were diluted five-fold in Bis -Tris buffer, applied to a Mini-S TM column (PC 3.2/3, GE Healthcare, Amersham Biosciences, PA), and eluted with a NaCl gradient from 0.01 to 1 M. Activity and purity were analyzed by standard GalNAc-transferase assay (reference substrate MUC1 21-mer peptide) and sodium (SDS-PAGE) stained for proteins with Coomassie Blue R-250 using bovine serum albumin as a standard.
Purification of the lectin domains
Truncated lectin proteins were purified on iminodiacetic acid metal affinity chromatography (IMAC) Ni 2þ -charged (QIAGEN) with elution using 250 mM imidazole in 50 mM sodium phosphate, pH 8.0, 500 mM NaCl. Eluted proteins were dialyzed three times against phosphate buffered saline PBS (10 mM sodium phosphate, pH 7.4, 150 mM NaCl) and concentrated using a centrifugation filter unit (Millipore; 10 000 kDa cut-off ). Purity was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions, and stained for proteins with Coomassie Blue R 250.
GalNAc-transferase assay
Standard assays were performed in 25 -50 mL of total reaction mixtures containing 25 mM Cacodylate ( pH 7.4), 10 mM MnCl 2 , 0.25% Triton X-100, 50 mM UDP-[ 14 C]GalNAc (1-3,000 cpm/nmol) (GE Healthcare), 0.01 -0.5 mU of GalNAc-transferase, and 20-100 mM of acceptor peptide. Peptides were synthesized by Neosystem (Strasbourg, France), Cancer Research UK, or fluorescein isothiojanate (FITC-labeled MUC2 7-and 24-mers) as previously described (Takeuchi et al. 2002) . Enzymatic activity towards the acceptor peptides was routinely determined by scintillation counting after Dowex-1 formic acid chromatography. Peptides and products produced by in vitro glycosylation were evaluated bymass spectrometry (MS). Assuming that the initial velocity reactions display apparent MichaelisMenten kinetics K m was determined. GalNAc-transferase HH Wandall et al. assays used for determination of K m of acceptor substrates were modified to include 300 mM UDP-[ 14 C]GalNAc (2000 cpm/nmol), with peptides in varying concentrations from 0.005 to 2 mM. Assays to determine K m for UDPGalNAc and UDP-Gal were performed with saturating concentrations of acceptor substrates (GalNAc-T1, 500 mM IgA hinge; GalNAc-T2 and mutant GalNAc-T2, 100 mM IgA hinge; and GalNAc-T11, 500 mM IgA hinge). Reaction incubation times did not exceed 20 min Assays were performed in duplicates or triplicates. Exhaustive glycosylation of peptides was performed with 3to10-fold excess of potential Ser/Thr acceptor sites), and 0.25-5 mU of GalNAc-transferase (specific activity determined using the relevant acceptor peptide to be glycosylated). Reactions were incubated for extended periods (.12 h) at 37 8C as indicated, and product development monitored by MALDI-TOF or in the case of FITC-labeled peptides by HPLC (JASCO, Tokyo, Japan equipped with a Cosmosil column C 18 , 6 Â 150 mm; Nacalai Tesque, Japan). HPLC used a linear gradient from 10 to 30% solvent B (0.05% trifluoroacetic acid/70% 2-propanol in acetonitrile) in solvent A (0.05% trifluoroacetic acid in water). Eluates were monitored by fluorescence intensity at 520 nm (ex: 492 nm). MUC1-2GalNAc was produced by in vitro glycosylation of MUC1 with recombinant GalNAc-T11. MUC2-6GalNAc and IgA-4GalNAc was produced by in vitro glycosylation with recombinant GalNAc-T2, using limited amount of donor acceptor substrate. Product development was monitored using MALDI-TOF analysis and glycosylation reaction stopped with ethylene EDTA and glycopeptides purified by C-18 HPLC. Stability of GalNAc-transferase activity was analyzed as previously described (Wandall et al. 1997 ).
MALDI-TOF mass spectrometry
Sampling of reactions (1 ml) was purified by Poros w 20 R2 nanoscale reversed-phase chromatography (Perceptive Biosystems, Applied Biosystems, Foster City, CA) and applied directly to the probe with matrix (Mirgorodskaya et al. 1999 ). The matrix used was 2,5-dihydroxybenzoic acid (25 mg/mL, Aldrich) dissolved in a 2:1 mixture of 0.1% trifluoroacetic acid in 30% aqueous acetonitrile (Rathburn Chemicals Ltd, Scotland, UK). Mass spectrawere acquired on a Voyager-DE mass spectrometer equipped with delayed extraction (Perceptive Biosystems). Analysis of FITC-labeled MUC2 peptides was done with a-cyano-4-hydroxycinnamic acid (10 mg/mL) dissolved in 0.1% trifluoroacetic acid/50% ethanol in water, and analysis with a Voyager Elite instrument (Perceptive Biosystems) operating at an accelerating voltage of 20 kV (grid voltage 93.5%, guide wire voltage 0.05%) in the positive ion and linear mode with the delayed extraction setting.
Lectin binding assay
Polystyrene microtiter plates (Maxisorb, Nunc, Roskilde, Denmark) were coated with peptides or glycopeptides in carbonate buffer ( pH 9.6) overnight at 4 8C. Plates were washed and blocked with 0.1% Tween-20 and 0.2% borine serum albumin (BSA) in PBS for 1 h at room temperature, followed by incubation with nonbiotinylated or biotinylated proteins in PBS with 0.05% Tween 20 for 2 h at room temperature. Plates were washed with PBS and incubated with 1:2000 dilution Streptavidin-Horseraddish peroxidase (Sigma-Aldrich) in PBS for 30 min at room temperature, washed with PBS and developed. Development was performed with 0.5 mg/mL o-phenylenediamine and 0.02% H 2 O 2 in sodium citrate ( pH 5.0) at room temperature and the reaction stopped by adding 100 mL/well of 0.5 N H 2 SO 4 . Competitive inhibition assays were performed either using concentrations of GalNAc-transferase proteins and lectins corresponding to end-point titers in the ELLA binding assay, or using a concentration of GalNAc-transferase and lectins proteins yielding an optical density of 1 in the ELLA assay. The proteins were preincubated for 1 h with the inhibitors. Protein biotinylation was performed by the addition of 40 mL/mL N-hydroxy-succinimidobiotin (10 mg/mL DMF) (Sigma-Aldrich) of purified protein in PBS (0.3 mg/mL). The solution was mixed end-over-end for 2 h at room temperature and dialyzed extensively against PBS.
Immunocytology/-histology CHO ldlD (Kingsley et al. 1986 ) cells stably transfected with full coding human MUC1 containing 32 tandem repeats were grown in Dulbecco's minimum Eagles medium and Ham's (1:1) with 3% FCS without GalNAc and Gal in medium, in the presence of 1 mM GalNAc, or in the presence of 1 mM GalNAc and 0.1 mM Gal for 48 h. Cells were trypsinized, washed, air-dried, and fixed in ice cold acetone on multiwell slides for 10 min and then kept at 270 8C until used. Sections from paraffin blocks of minor salivary glands (n ¼ 4) were obtained and processed as previously described (Mandel et al. 1991) . Cells and tissues were preincubated with 10% rabbit serum for 30 min, then incubated with either 1 mg/mL biotinylated GalNAc-T2, 1 mg/mL biotinylated GalNAc-T4, 3 mg/mL biotinylated His-tagged GalNAc-T4 lectin or anti-Tn monoclonal antibody 5F4, recognizing GalNAcaS/T, overnight at 4 8C. Bound lectins were detected with either mouse monoclonal anti-T7 tag antibody (IgG2b) (Novagen, Darmstadt, Germany), monoclonal antibody 6B7 directed to the GalNAc-T2 lectin domain or Mab 4G2 directed to GalNAc-T4 lectin (incubation for 1 h at room temperature), followed by incubation with FITC-conjugated rabbit antimouse immunoglobulin (F261, Dako, Glostrup, Denmark). Control reactions consisted of replacement of the lectins with 0.1% BSA. Slides were examined in a Zeiss fluorescence microscope using epi-illumination.
Surface plasmon resonance
Surface plasmon resonance experiments were performed to evaluate the interaction between GalNAc-T2 and GalNAcT2lec and the glycosylated synthetic peptide GalNAc-MUC1 using a BIAcore system (BIAcore, Uppsala, Sweden). A GalNAc-MUC1 60mer glycopeptide (HGVT*SAPDT* RPAPGST*APPA) 3 and the corresponding nonglycosylated peptide were amine-coupled to CM5 sensor chips using the amine coupling protocol and kit purchased from Biacore. GalNAc-T2 lectin domain (4, 8, 16, 32 , and 65 mM) and GalNAc-T2 in biacore binding buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.005% Surfactant P20, pH 7.4) was passed over the sensor chips. All experiments were run at 30 mL/min, a 50 mL sample size, and a 300 second dissociation phase. After the dissociation, the sensor chip was regenerated by the injection of 5 mL of 100 mM GalNAc at 5 mL/min. The kinetic parameters were calculated using
The lectin domains of polypeptide GalNAc-transferases the BIAevaluation 4.1 Software using the 1:1 Langmuir binding model.
